In the laser-induced fluorescence spectrum of HCP, a sharp decrease in fluorescence intensity was observed at 41 680 cm-'. This diminuation in emission intensity is due to a rotatio_nally mediated coupling of the excited vibronic level with the dissociative continuum of the X state; this has allowed us to place an upper limit on Do for the ground electronic state. A lower limit for De can be placed at 41 650 cm-' since strong emission was observed below this excitation energy. Using the assignments of Johns et @. [Can. J. Phys. 47, 893 (1969)] as a guide, fluorescence decays were recorded from the two B state vibronic bands to determine lifetimes. In addition to determining an unusually long lifetime for both states, the decays were seen to be modulated at four frequencies resulting from the coherent excitation of four nuclear hyperfhre levels. This increase in lifetime and magnetic hyperfine interaction arises from a mixing of three singlet and triplet states. The contributing states are tentatively identified.
INTRODUCTION
The electronic spectrum of HCP has been extensively studied experimentally'd and theoretically,7 yet its interpretation is somewhat controversial. In what remains the most thorough experimental investigation thus far, the electronic spectrum was recorded in absorption by Johns, Shurvell, and Tyler (JST) from 410 to 235 nm. In this region, four triplet states and three singlet-states were identified. ' One of these states, the linear B ('II) state, was reinvestigated by Moehlmann et al. using Zeeman spectroscopy. On the basis of the Zeeman analysis, this state was reassigned to a 3Al state. ' However, this analysis neglected any Renner-Teller interaction expected in a linear triatomic molecule which would at least partially quench the electronic orbital angular momentum. Therefore, this assignment is somewhat suspect.
Using large basis sets and extensive configuration interaction wave functions, Kama, Bruna, and Grein (KBG) have recently calculated the electronic spectrum of HCP.' They were able to reproduce many of the experimentally determined molecular constants. However, in some cases, they substantially modified JST's assignments. Of particular importance to this report wa_s their inability to assign an identity to the origin of the B state,Instead, they tentatively assigned levels belonging to the B state of JST as a mixture of the A state 2i vibrational levels with levels from a' triplet state. This assignment neglected levels already assigned to the A state 2l vibrational levels. Hence, the origin of these bands is still uncertain.
Lastly, the blue end of the electronic spectrum is still not well characterized. Lying -5000 cm-' above the A state, two short pr_ogressions observed by JST were assigned to the 'A'C state. ' These levels have been recharacterized by KBG as originating from the A' RennerTeller component of a 'A state.7 In the work of JST, a state corresponding to the A" component of this state was not identified. ' Bands belonging to this state woul$ have the same rotational band structure as the lower A state and thus are not distinguishable by appearance. Because many of the perpendicular transitions observed by J_ST were assigned to unknown vibrational levels of the A state,' the existence of a second A" component in the spectrum is a definite possibility.
Prompted by these recent developments, we have begun a reinvestigation of the electronic spectrum of HCP using laser induced fluorescence (LIF) of a seeded jet. The motivations for this project are twofold: ( 1) to resolve some of the existing controversy; and (2) to better characterize some of the higher lying states which are needed for continuing stimulated emission pumping experiments by Field and co-workers.' Currently, we have recorded the LIF spectrum from 38 000 to 41 680 cm-'. In this region, we have observed more than five times the number of bands reported previously. These results will appear in a later publication. Presently, we have experimentally determined Do for the ground electronic state and observed quantum beats in the emission decay from the J= 1 level of both B state transitions observed by JST. EXPERIMENT HCP was synthesized by the procedure of Hopkinson et al. ' as modified by Chen et al. * Briefly, CH3PC1, (Strem Chemical) was pyrolyzed in a flow reactor equipped with the following: (i) a 60 cm long, 7 mm diameter quartz tube filled with quartz chips positioned inside a commercial furnace(Hoskins); (ii) a vacuum trap at -78 "C filled with KOH to remove HCl and low volatile products; and (iii) a second trap at -196 "C to collect the HCP but pass CH, and other high volatile products. In the literature, there appears to be some controversy about the optimal reaction conditions.8-'3 To address this problem, the reaction was initially run without the second trap cold while the prod-ucts of the reaction were monitored by LIF. Optimal reaction conditions were found to be with a flow rate such that the pressure in the reactor was maintained at 400 mTorr with a temperature of 900 "C. After maximizing the LIF signal, the second trap was cooled to -196 "C and the reaction was run for 48 h. Afterwards, the second trap was disconnected from the reactor, the product evaporated off -130 "C, and then analyzed by FTIR. Despite the KOH trap, analysis showed that HCl was the major component. Nearly equal mixtures of HCP, acetylene, and ethylene were present as well.
A glass bulb filled with 10 Torr of the product and -1 atm of argon served as the source for the jet expansion. The mixture decomposed but was stable for a few days. The molecular expansion was achieved using a Lasertechniques Model LPV pulsed molecular beam valve fitted with a 1.0 mm diameter nozzle; rotational temperatures near 1 K were typically obtained. The molecular expansion intersected the frequency doubled output (doubling achieved in a P-BBC crystal cut at 45") of an excimer pumped dye laser (Questek 2420 and Lambda Physik 2002E, respectively) . At right angles to both the jet and the laser, an EM1 9635QB PMT detected the focused fluorescence. A Schott color glass filter was used to reduce the scattered light intensity.
For the LIF experiments, a Stanford Research boxcar averager with a 2 ps gate sampled the PMT output. In addition, the transmission of an etalon and the optogalvanic signal from a Fe/Ne hollow cathode lamp were recorded for relative and absolute frequency calibration. Interfaced through two AD/DA boards, the averaged output of all three channels were fed to a IBM AT. The computer was also used to step the dye laser and to maximize the doubled output so that the scans were entirely automated.
For the lifetime and quantum beat experiments, the PMT output was recorded by a Biomation 8100 transient recorder interfaced to a Nicolet 1170 signal averager system. Up to 8 192 decay curves were summed and the averaged data transferred to an IBM AT for analysis. The lifetimes were determined by fitting the data to a single exponential using a nonlinear least squares Marquardt algorithm.14 Residuals from this fit were Fourier transformed using a standard routine15 to reveal the quantum beat spectra.
RESULTS AND DISCUSSION

Dissociation energy
The energy of the HCP 2 state dissociation to H+CrP, Do, has been calculated by KBG as 5.07 eV ( 40 895 cm-') .7 This calculated dissociation energy includes a correction for an assumed theoretical underestimation of 0.2 eV. To our knowledge, this important molecular property has not been experimentally determined. However, JST have recorded the electronic spectrum above the calculated dissociation threshold. Since they did not observe any diffuse bands in the spectrum, the excited state lifetime must be greater than 50 ps. This rate is much less than the excited state radiative lifetime. Therefore, a sudden decrease in the fluorescence intensity should provide a much more-sensitive probe of dissociation.
In the A state spectrum of HCP, JST observed a number of weak rotational perturbations. The number of perturbations is surprising given the high vibrational frequencies of this molecule. '6 In the region of the A state, these prturbations could only be explained by a coupling to the X state which is the only state with a high enough level density ( 1 per cm-' ) . Consequently, based upon the --extensive A-X coupling observed in the spectrum, crossing of the X state dissociation threshold should also induce dissociation of the 2 state. In the LIF spectrum, this effect would appear as a sudden decreas_e in the A state emission intensity. However, the observed C state vibronic bands are much less perturbed. Thus, it was not clear if the crossing of the X state dissociation threshold would also induce dissociation of this state.
Shown in Fig. 1 is the LIF spectrum of a HCP supersonic expansion from 41 600 to 41 700 cm-'. In this region, many spectral features were not resolved. However, there appears to be two perpendicular bands below 41 640 cm -I, a parallel band at 41 650 cm-', and strange system near 41 680 cm-'. In these bands, fluorescence lifetimes of individual features were recorded. The lifetimes of features in the two perpendicular bands below 41640 cm-' were found to be near 2 ps, as typical for an A state transition. Likewise, features in the 41 650 cm-' system were-found to have lifetimes near 0.5 ,us, as typical of the C state transitions we have observed. On the other hand, features in the 41 680 cm-' band system were determined to have grossly different lifetimes. The fluorescence lifetime of the state reached from the Q( 1) line was near 2 pus; the lifetime of the state reached via R(0) pumping was near 0.5 ps. Higher lines in the R branch were found to have even shorter lifetimes. Therefore,-we conclude that this band must lie slightly above the X state dissociation threshold. This conclusion is further justified by our failure to observe an intense transition above this band system. Abo_ve 41 680 cm-l, we have not observed transitions to the C state either. Despite its apparently much smaller interaction with the ground state, this state must also be dissociating.
The lifetime differences between the state reached via the Q( 1) transition and that reached via the R(0) transition is peculiar since the states differ only in their parity. In order to explain this feature, we need to consider the 2-2 coupling mechanism,Because the ground state symmetry is A' and that of the A state is A", there can be no vibronic interaction between them. These states can mix only via a rotationally mediated interaction. Contrarily, A' levels, which have symmetry allowed vibronic interactions with the X state, should be perturbed more severely, Surprisingly, the observed A' levels, assigned to the C state by JST, are almost unperturbed. Therefore, it appears that rotationally induced couplings are controlling the interaction between ground and excited electronic states. a significant factor, the interaction should scale with J; this dissociation limit of the ground state. Given the fact that is not observed in our spectrum. If a axis Coriolis forces are the band at 41648 cm-' shows no fluorescence quenching, dominating, the interactions should scale with K. This hyit is likely that the threshold for dissociation is greater than pothesis is more difficult to test due to the rigid selection this value. Since a barrier to dissociation is not expected, rules for K. However, through hot band transitions, we this value can be directly related to the dissociation energy. have observed a few A state K=O levels. Since these bands Thus Do of the ground electronic state can be bracketed appear less significantly perturbed than K > 0 bands, a axis between 41 650 and 41 680 cm-'. This value is only about coupling must be dominant. 0.1 eV above the calculated value.7 Since the two J=K= 1 levels reached via Q( 1) and R(0) pumping differ only in their parity, this characteristic is partially governing the predissociation process. The level reached via the Q( 1) transition has f parity; that via the R(0) transition has e parity. Via a axis Coriolis interactions, both levels can mix with II vibrational levels of the ground electronic state. These levels must have at least one quanta in the bending mode. If the bending force constant falls sufficiently slowly as we dissociate the molecule along the GH bond, states with bending excitation would possess a low adiabatic barrier to dissociation. Contrarily, B states, with no bending excitation, would not possess this quality. Some Z state character can mix into the e component of a II state via b, c axis Coriolis interactions, allowing for dissociation with no adiabatic barrier. This interaction is forbidden for states off parity. Therefore, if we assume that the two levels populated by the Q( 1) and R(0) transitions in the 41 680 cm-' band are only slightly above the dissociation threshold, the state with e parity [R (0)] would dissociate more rapidly than the state with f parity [Q(l)], thus explaining the lifetime peculiarity for the two states.
An interesting experiment will be to directly observe the C=P product from the dissociation by way of LIF. This study would provide an even more accurate measure of the dissociation energy, as well as allowing the excitation spectrum to be extended to higher energy.
Observation of quantum beats in the E state
In conclusion, these states must lie very close to the Lying near the 25 and 2v2+v3 levels of the 2 state, JST observed two intense bands separated by 950 cm-'. This separation was typically observed in progressions of the v3 mode, the CrP stretch, in all the low lying excited states. Since the sense of the Kl_type doubling in these bands was opposite to that of the A state, thes. bands were assigned to a new electronic state, the linear B( 'II) state. ' Moehlmann et al. performed a Zeeman study of the lower of these bands, and found that the g value was small and grew linearly with J. On the basis of these Zeeman studies, they reassigned this state as a 3A1 state.2 This state is expected to have a negligible g value due to cancellation of the orbital and electron spin contributions but develops a magnetic moment as it evolves towards the Hund's case (b) limit at higher J. However, such an assignment ignores any Renner-Teller interaction, since this interaction tends to quench the orbital contribution to the g value; thus the cancellation is nullified.
As no electronic state was found-in the calculated spectrum that could be assigned to the B state, KBG could not confirm either of these assignments. However, they predicted that the Fand estates observed by JST are bent and linear Renner-Telkr components of a 3h_ state.7 Thus an assignment of the B state as a mixture of A state levels with higher vibrational levels of the linear iY(3A) state would appear to be consistent with the Zeeman study, Three observations support the assumption that the "B_state" derives its intensity via vibronic mixing with the A state:
(i) This same system was not observed in the spectrum-of DCP,' (ii) the B state dispersed emission spectrum observed by Lehm-ann et al. is almost identical to that of nearby A state vibronic levels,5 and (iii) the lifetimes measured for these bands indicate that they have a large percentage of A state character.5 Based upon the Gove discussion, it is clear that the exact nature of the B-state levels is still unresolved. In order to examine the B state in more detail, we recorded the emission from these levels in the jet. Figures 2(a) and 3 (a) show the fluorescence decay observed when exciting the R (0) line of both bands. Fits to the decay curves give lifetimes of 3.959 and 4.581 ps, indicating that these levels have approximately 50% and 40% singlet character for the 3' and 3i bands, respectively. In this crude calculation, it was assumed that the radiative decay occurs only from the A state.
In addition, both spectra clearly display modulations due to quantum beats. Such beats are not observed in a typical A or C state decay. Residuals from a single exponential fit to each decay were Fourier transformed and the resulting power spectra are shown in Figs. 2 (b) and 3 (b) . As shown, each fluorescence decay is modulated at four frequencies that we have attributed to the coherent excitation of four hyperfine components. The experimental data are summarized in Table I .
Quantum beat spectroscopy has been shown to be an effective tool for the investigation of singlet-triplet state mixing. i7-ig In this technique, a modulation of the fluorescence intensity is typically observed as a result of a coherent excitation of singlet and triplet state levels. The modulation frequencies correspond to the energy differences between the coherently excited states. Physically, this modulation reflects the changing total fluorescence rate due to oscillation in the amount of singlet state character of the excited level.
In the case of HCP, the average spacing of all vibronic states is three orders of magnitude larger than the width of coherently excited states in our experiment; thus some other explanation must be found for the beats in the present experiment. HCP contains two spin l/2 nuclei, and one would expect a triplet state hyperline structure to reproduce the observed spectra. Hyperfine quantum beats are detectable due to a modulation in the directional properties of the emission.20-23 In our experiment, we excite with a polarized laser, which, even after rotational averaging, leads to a net alignment of the transition dipole moment. Because of hyperfine interactions, the molecular rotational angular momentum Jprecesses about the total angular momentum F. This precession tips the net alignment and results in a modulation of the emission observed in a given direction. As F and J become more nearly parallel as J increases, the nutation angle decreases roughly as J2, decreasing the modulation depth as well. The assignment of the observed beats to hyperfine structure is supported by the, following: (i) Nutation was barely visible when exciting R ( 1); and (ii) fluorescence modulation was not detected for higher J. Since the hyperfine splitting in a zeroth order approximation is entirely due to the triplet state character of these states, it is hoped th_at they can provide further insight into the nature of the B state. We assume the triplet level is derived from a linear 3A state and ign ore the vibrational angular momentum ef- -I,~J+y&,*J assuming a case a, coupling scheme.24 In the above equation, HR is the rotational Hamiltonian neglecting hyperflne interactions, I, is the phosphorous nuclear spin, and I2 is the hydrogen nuclear spin. Each pure rotational level will be split into four sublevels; one with F= J+ 1, two with F= J and one with F = J-1. Only the two F = J levels will mix. The energy formula for the four levels are given by the following: 
Because the electronic transition is a #+P transition localized on the CEP bond, we expect ei to be much larger than e2, suggesting a coupling scheme F,= J+I, and
F=Fl+12
For this case, where e1>e2, the two F=Jlevels can be approximated by,
In this limit, we expect each pure rotational level to be split into two hyperfme levels separated by approximately el. In turn, each of these sublevels would then be split into two more levels separated by approximately e2 The observed quantum beat frequencies and a comparison with the calculated frequencies are shown in Table I .
The absolute sign of e1 and e2 are not determinable in a quantum beat experiment. In order to assign the observed quantum beats with specific energy level splittings, we need to be able to calculate the expected intensity of each of the possible quantum beats. The general theory for the intensity of molecular quantum beats for an ensemble perturbed by an external or internal field has been given in detail by Dubs et aZ.23 Rather than repeat their derivation, we refer the reader to their paper for specific details. Their notation, normalization, and phase factors are consistent with those of Brink and Satchler.25 We have chosen to use the notation of Zarez6 and Blum27 and repeat the expression thus obtained, >J'+Jrf'(T(a?j,,aj,Ji,;t=O) ((Tg)+)dat e multipole describing the polarization state of the detected photon defined by Eq. 4.3.3 in Blum?7 (T(cri~, , a, Ji, ; t=O)~Q, , ) Estate multipole describing the excited state ensemble directly after excitation given by Eq. 5.2.4 in Blum,27 G(J$)K=perturbation coefficient describing the time evolution of the prepared ensemble perturbed by hyperflne interactions with both nuclei and analogous to Eq. 4.7.22 in Blum, 26 D(@)zQ=Wigner rotation matrix used to rotate the excitation axis and detection axis into coincidence. Using this formula, the intensities of the expected transitions were calculated. For the J= 1 case of interest, two of the six transitions are calculated to have zero amplitude and therefore not observed in the decay. The calculated intensities of the other four transitions are given in Table I . The observed intensities are used to confirm the present assignment where e1 and l 2 have the same sign. A change in the assignments of the second and fourth transitions as listed in Table I would require that e1 and e2 have opposite signs, and e1 be increased by ~2/6.
The fits to the beats give g2= l.OO( 2.25) MHz and g1 = 14.50 (21.04) MHz for the vibronic bands assigned as 3'( 3l) by JST. Such a large difference in hyperfine parameters appears surprising given that the states nominally differ only in excitation by one quantum number in the CrP stretch. Since the size of the hyperfine parameters scale with the percent triplet state character, part of the difference may reflect different amounts of singlet-triplet state mixing in the two vibronic bands. However, the relative size of the H to P hyperfine parameters changes from 6.9% for the 3' band to 10.7% for 3l. If the only change was the fractional amount of triplet character, this ratio should be constant.
In order to understand the peculiarity, we need to consider the total magnitude of the phosphorus hyperfine coupling constant. If we assume a Hund's case aor coupling scheme, the hypetine coupling constant can be written as, e=aA+ (b+c)Z, where a, b, and c are related to one electron integrals, as given in Eq. 9.16 of Townes and Schawlow.23 Given the fact that all the low lying states are based upon a r* trr excitation, both the electron angular momentum and unpaired spins should be in orbitals formed from the phosphorous and carbon pa atomic orbitals. For an electron in a pure phosphorus p orbital, the expected size of the hyperfine parameters contributing to l 1 are a = 768 MHz and (b+c)=-307
MHz. If the state is a pure 3Al, as suggested by Moehlmann et al., we would have A=2, and 2= -1; thus e1 = 1850 MHz. This is more than an 2 orders of magnitude larger than the observed value; therefore, the calculated values for a 3A1 state are much too large to explain these splittings.
Thus far, our analysis has ignored any Renner-Teller interaction expected in a linear triatomic molecule. This interaction would break the electronic degeneracy causing the 3A electronic state to split into two states, a A' and a AN. For vibronic states localized on the A' or A" electronic surface, the orbital angular momentum would be effectively quenched. However, vibronic states on one surface are likely to mix with vibronic states on the other surface; the extent of mixing is largely dependent upon the energy separation of the two states. This interaction would cause (A) to deviate from zero. For the states in question, at the minimum of the lower Renner-Teller component, the energy between the two surfaces was calculated to be only 0.5 eV;' thus some degree of mixing is to be expected. But since the analysis of JST effectively treated the two Renner-Teller components of the 3A state as two noninteracting electronic states,' the extent of mixing is expected to be rather small. Consequently, the orbital angular momentum of this 3A state should be effectively quenched.
If we assume (A) is very small, the analysis is more appropriately handled using a Hund's case bpJ coupling scheme. In this case, the hyperfine coupling constant for the N = J level is given by24 aA2(N2+N-1) If we assume that (A) is zero due to Renner-Teller interactions, e1 is calculated to be --150 MHz; this value is still almost an order of magnitude larger than the observed splittings. We can reduce this estimate by a factor of two to account for the electrons being in a phosphorous orbital only 50% of the time. In addition, the estimate can be decreased by another factor near two to account for the vibronic level containing on the order of 50% singlet character, yielding an estimate on the order of the observed splittings. Consequently, the coupled level must effectively have no residual orbital angular momentum.
KB-G have tentatively reassigned the levels accredited to the B and a states by JST to nearly equal mixtures of A and 32-state vibrational levels. Their analysis ignored the presence of intense bands already assigne_d to 22 and 2231 bands by JST. If the assignment of the A state origin by J_ST is correct, no other vibrational bands_assignable to the A state are expected in the region of the B state indicating that something more complicated is occurring. It appears more likely that the levels assign_ed to the 22 levels of the A state and those assigned to the B and a states are forming a triad. KBG have identified two of the members. The nature of the third member would appear to be a higher vibrational level of the lower lying estate which is consistent with the Zeeman studies. This will require that for the "origin" of the B state, we have about 4900 cm-' of zstate vibrational energy. Given the fact that this state did not appear in the spectrum of DCP, it is possible that the state contains one quanta of excitation in the CH stretching mode. This would leave about 1900 cm-', which may likely be two quanta of the CrP stretching mode.
The hypetine quantum beats appear to be too small for the state to have its orbital angular momentum un-quenched. But this appears to be in conflict with the Zeeman effect as observed by Moehlmann et al. ' A reexamination of this state by theory, including an explicit calculation of the strength of the Renner-Teller mixing and the hype&me coupling constants could help resolve these issues. In the mean time, we hope to make Z_eeman quantum beat measurements of this and nearby A state levels.
